The accuracy of the central aortic systolic (SbP-c) and pulse (PP-c) blood pressures estimated noninvasively by a generalized transfer function technique has been questioned. The purpose of the present study was to quantify precisely the impact of the input errors (differences between the oscillometric (SbP-O, dbP-O, PP-O) and invasive (SbP-b, dbP-b, PP-b) brachial systolic, diastolic, and pulse blood pressures) on the output errors (differences between the estimated and invasively measured SbP-c and PP-c). 
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Systolic and pulse pressures measured at a person's arm using a noninvasive sphygmomanometer (oscillometric brachial systolic blood pressure (SBP-O) and oscillometric brachial pulse pressure (PP-O), respectively) are rough estimates of the invasive brachial blood pressure values; these are themselves estimates of the invasive measurements (central systolic blood pressure (SBP-C) and central pulse pressure (PP-C), respectively) at central aorta. 1, 2 Therefore, the invasive SBP-C and PP-C are better indicators of hemodynamic load and stress to the heart and large vessels than the noninvasive SBP-O and PP-O at rest, during pharmacological intervention, and after exercise. 3, 4 Currently, SBP-C and PP-C can be noninvasively estimated using a generalized transfer function without the need for cardiac catheterization. [5] [6] [7] Indeed, the noninvasive SBP-C and PP-C estimated by the generalized transfer function technique have been shown to be more strongly related than SBP-O and PP-O to target organ damages and cardiovascular outcomes. [8] [9] [10] However, the accuracy of SBP-C and PP-C estimated by the generalized transfer function technique has long been questioned. [11] [12] [13] [14] Furthermore, a recent meta-analysis of longitudinal studies suggested that SBP-C was not significantly associated with higher relative risk of clinical events when compared with SBP-O, and PP-C had a marginally but not significantly better predictive ability when compared with PP-O. 15 This may raise serious doubts on the clinical usefulness of the noninvasively estimated SBP-C and PP-C by the generalized transfer function technique, which has been increasingly used in commercially available devices. [16] [17] [18] The generalized transfer function technique reconstructs the central aortic pressure waveform from the noninvasively acquired peripheral pressure waveform using a single generalized transfer function, irrespective of age, genders, and disease states. [5] [6] [7] Individual variations from the generalized transfer function may produce errors in the estimates of SBP-C and PP-C. 19 Most of the noninvasive devices acquire a peripheral pressure waveform from radial artery using a high fidelity applanation tonometer, which may also produce errors in case H.-m. c. is a co-first author and W.-c. H. is a co-corresponding author.
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Calibration Error in Central BP Measurement of suboptimal applanation. 6, 20, 21 However, the major source of errors is likely from the calibration of the peripheral pressure waveform to the noninvasive systolic (SBP-O) and diastolic (DBP-O) pressures, 12, 13, 21 either contains error in the estimation of the invasive brachial systolic or diastolic pressures. 3 Although the sum of errors (input) from the suboptimal tonometry and calibration procedure may transfer through the generalized transfer function to the estimates (output) of SBP-C, 13 the true error solely attributed to the calibration can not be adequately quantified without direct measurements of the invasive brachial systolic and diastolic pressures, SBP-C, and PP-C and error from the generalized transfer function itself. Furthermore, it is unclear if the estimates of SBP-C and PP-C are similarly affected by errors from SBP-O and DBP-O, respectively. Therefore, the main purpose of the present study was to quantify the calibration error in the estimation of SBP-C and PP-C using a generalized transfer function technique without influences from other sources of input errors.
methodS

Study population.
A total of 40 subjects referred for diagnostic catheterization for coronary anatomy through radial approach were included in the study ( Table 1) . Subjects had been excluded if they had acute coronary syndrome, peripheral arterial disease, rhythms other than normal sinus rhythm, or >3 mm Hg pressure differences between left and right arms. The study protocol adhered to the principles of the Declaration of Helsinki and was approved by the institutional review board at Taipei Veterans General Hospital and informed consents were obtained from all patients.
Study protocol. Before routine diagnostic coronary angiography, a 2F custom-made dual pressure sensor catheter (model SSD-1059; Millar Instruments, Houston, TX) within a standard 6F Judkins coronary artery catheter was advanced to the central aorta until the first pressure sensor (at the catheter tip) was at the level of aortic valves and the second pressure sensor was positioned in the right brachial artery at the level of mid-humerus. Invasive brachial and central aortic pressure waves were recorded for consecutive 20-30 beats to cover at least two respiratory cycles simultaneously. A validated oscillometric blood pressure monitor (WatchBP Office; Microlife AG, Widnau, Switzerland) was used to measure systolic, mean, diastolic, and pulse pressures (SBP-O, MBP-O, DBP-O, and PP-O) at the same time, 22 in the opposite arm. Analog outputs of the pressure waveforms were digitized instantaneously for offline analysis using LabVIEW 8.2 and DAQ-6062 (National Instruments, Austin, TX) at a sampling rate of 500Hz.
Generation and application of the generalized transfer function.
The digitized signals were analyzed using custom-designed software on a commercial software package (Matlab, version 7.0; The MathWorks, Natick, MA). All processed individual signals were subjected to fully automatic batch analysis to avoid inter-and intraobserver variations. Consecutive 20-30 beats of the simultaneously derived brachial and aortic pressure waves were signal averaged to one beat, respectively. The averaged brachial and aortic pressure waveforms were aligned at identical start-systolic points and subsequently resampled to 512 points. A single 512-point fast Fourier transform was implemented to obtain an individual transfer function by division. 5 From the 40 individual transfer functions, an ensembleaveraged generalized transfer function was generated. Reverse transformation for the reconstruction of an individual aortic pressure waveform was performed with the use of the generalized transfer function (the first 10 harmonics, about 0~10 Hz) applied to the averaged brachial pressure waveform for each subject.
The averaged and reconstructed pressure waveforms were analyzed to derive blood pressure values. Systolic and diastolic blood pressures were the peak value and value at end-diastole of the pressure wave, respectively, and the difference was pulse pressure. Mean blood pressure was determined from the total area under the pressure curve. Figure 1 illustrates the potential sources for errors for the estimation of SBP-C and PP-C. The waveform error indicates the difference between the noninvasively acquired peripheral pressure waveform and its invasive counterpart. In the case of tonometry, the waveform error is usually the result of suboptimal applanation. 21 The calibration error results from the difference between SBP-O and brachial systolic blood pressure, and between DBP-O and brachial diastolic blood pressure. SBP-O usually underestimates brachial systolic blood pressure, whereas DBP-O usually overestimates diastolic blood pressure. 3, 23 The transfer function error is due to the variation of individual transfer function from the single generalized transfer function. 6 The total errors are the differences between the estimated and measured SBP-C and PP-C values and are affected by all potential sources of error. In the present study, the error from the pressure waveform acquisition was minimized. Therefore, the total errors were results of the calibration error and transfer function error. As the averaged original brachial pressure waveforms were used directly to reconstruct the individual aortic pressure waveform, the differences between the estimated and measured SBP-C and PP-C values were the transfer function errors because no calibration errors had been introduced.
Descriptions of errors.
As the averaged brachial pressure waveforms were recalibrated using SBP-O and DBP-O before the waveform reconstruction, the total errors for SBP-C and PP-C, respectively, should include the calibration errors and the transfer function errors.
Statistical analyses.
All values are presented as mean ± s.d. Agreements between the measured and the generalized transfer function-derived SBP-C and PP-C were examined using the paired samples t-test and the Bland-Altman analysis. Pearson's correlation coefficients between measured brachial and aortic blood pressure parameters were calculated and compared using Fisher's z transformation. Statistical significance was declared at the two-tailed P < 0.05 level.
reSultS Table 2 shows the differences between the invasive central and brachial blood pressures. Brachial systolic and pulse pressures were significantly higher than SBP-C and PP-C, with pressure amplification ratios of 1.04 and 1.10, respectively. Brachial mean blood pressure was significantly higher than MBP-C, and brachial diastolic blood pressure was significantly lower than DBP-C, but with mean differences <1 mm Hg. All brachial blood pressures correlated significantly with corresponding central blood pressures with correlation coefficients of 0.95-1.0. Table 3 Table 4 presents the transfer function errors for the estimation of central blood pressures. The estimated and measured central blood pressures were significantly highly correlated (r = 0.98-1.0) with mean differences of <1 mm Hg. The generalized transfer function substantially reduced the differences and variability between the brachial and central blood pressures. Table 5 discloses the total errors associated with the calibration of brachial pressure waveforms to SBP-O and DBP-O. Because the transfer function errors were considered negligible, the total errors were designated as the calibration output errors. The estimated and measured central blood pressures were significantly correlated (r = 0.84-0.95). The correlation between the estimated and measured SBP-C and PP-C was significantly better than that between SBP-O and measured SBP-C (0.95 vs. 0.91, P = 0.003), and between PP-O and measured PP-C (0.91 vs. 0.86, P = 0.004), respectively. The calibration output errors of −2.2 ± 6.4 mm Hg for SBP-C and −10.3 ± 8.0 mm Hg for PP-C were very close to the oscillometric blood pressure monitor errors of −2.3 ± 5.8 mm Hg for brachial systolic blood pressure and −10.4 ± 7.1 mm Hg for brachial pulse pressure, respectively, with error transfer of 96% for SBP-C and 99% for PP-C. Figure 2 demonstrates the linear relationship between the input and output errors. The total error in the estimation of SBP-C (difference between the estimated and measured SBP-C) was mainly from the error of SBP-O (difference between SBP-O and brachial systolic blood pressure) (Figure 2a) . The main results of the present study showed that there were substantial differences and individual variability between the invasively recorded brachial systolic blood pressure and invasively recorded SBP-C, and between invasively recorded brachial pulse pressure and PP-C. The application of a generalized transfer function to the invasively recorded brachial pressure waveform effectively reconstructed an aortic pressure waveform that yielded blood pressure estimates with negligible mean differences and small individual variability from the measured SBP-C and PP-C. SBP-O and DBP-O measured from a validated oscillometric blood pressure monitor slightly underestimated the invasive brachial systolic blood pressure but substantially overestimated the invasive brachial diastolic blood pressure. Recalibration of the invasive brachial pressure waveforms using SBP-O and DBP-O to simulate the noninvasive generalized transfer function technique produced apparent errors in the estimation of SBP-C and PP-C. The apparent output errors are a consequence of input errors. The calibration output errors were generally equivalent to the errors of SBP-O and PP-O in the estimation of brachial systolic and Transfer function error = mean reconstructed -measured aortic parameter. R = correlation coefficient between reconstructed and measured aortic parameter. DBP, diastolic blood pressure; MBP, mean blood pressure; PP, pulse pressure; SBP, systolic blood pressure. a Aortic pressure waveforms were reconstructed from the averaged brachial pressure waveforms using the generalized transfer function. *P < 0.05; **P < 0.01. DBP, diastolic blood pressure; MBP, mean blood pressure; PP, pulse pressure; SBP, systolic blood pressure. a Aortic pressure waveforms were reconstructed from the averaged brachial pressure waveforms recalibrated using the noninvasive brachial SBP and DBP and the generalized transfer function. Calibration output error = mean reconstructed -measured aortic parameter; R = correlation coefficient between reconstructed and measured aortic parameter; Error transfer = calibration output error/oscillometric blood pressure monitor error × 100%. *P < 0.05; **P < 0.01.
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Calibration Error in Central BP Measurement pulse pressures. Quantitatively, the calibration output error of the noninvasively estimated SBP-C by a generalized transfer function technique was mainly from the input error of SBP-O, whereas the calibration output error of PP-C was additive from the input errors of both SBP-O and DBP-O. Previous studies which demonstrated apparent errors in generating central aortic pressure using generalized transfer functions may suffer from the erroneous assumption that brachial cuff pressure is an accurate measure of brachial intra-arterial pressure. [11] [12] [13] [14] Our study clearly showed significant differences and variation between the noninvasive (SBP-O, MBP-O, DBP-O, and PP-O) and the invasive brachial blood pressure measurements ( Table 3 ). This accords with the recognized fact that indirect brachial blood pressure measurement using oscillometric or mercury Korotkov sounds sphygmomanometers is inherently limited in accuracy and precision. 23, 24 Blood pressure measurement using oscillometric semiautomatic devices is most relevant to current medical practice, because of the progressive banning of the medical use of mercury. 25 The present study used an oscillometric blood pressure monitor that has been validated according to standardized protocols and can be considered equivalent to the Korotkov sound technique. 22 Thus, the oscillometric blood pressure monitor errors (−2.3 ± 5.8, 4.9 ± 5.3, 8.1 ± 5.3, and −10.4 ± 7.1 mm Hg for SBP-O, MBP-O, DBP-O, and PP-O, respectively) measured in the present study may represent the clinically acceptable accuracy references for the noninvasive estimation of invasive brachial or central blood pressures. 25 We have studied the transfer functions between the invasive central aortic pressure by micromanometer and radial pressure by automated tonometry calibrated by the invasive MBP-C and DBP-C in 20 American subjects, and demonstrated substantial intersubject and intrasubject variability in the individual transfer functions. 6 Despite this, the generalized transfer function (the average of individual transfer functions) estimated central arterial pressures to <0.2 ± 3.8 mm Hg errors. 6 The present study extended this observation in 40 Chinese subjects using a different approach to produce the transfer functions between the simultaneously recorded invasive brachial and central aortic pressures. The generalized transfer function error was −0.6 ± 2.9 mm Hg for SBP-C and −0.8 ± 3.8 mm Hg for PP-C. These observations, along with other similar findings, 5, 7, 19 suggest that estimation of SBP-C and PP-C using the generalized transfer function techniques is less susceptible to the variability in the individual transfer functions than other parameters derived from the reconstructed central aortic pressure waveform. 6 The present invasive study clearly demonstrated that the apparent errors of the generalized transfer function technique in the noninvasive estimation of SBP-C and PP-C were almost exclusively from the (input) errors of SBP-O and DBP-O in the estimation of brachial systolic and diastolic blood pressures. The generalized transfer function itself contributed little error and nearly 100% of the input errors were transferred to generalized transfer function-derived SBP-C and PP-C. The results were similar to those from a noninvasive study, 13 in which the simulated input errors of SBP-O by −5 mm Hg and DBP-O by +5 mm Hg (the "reverse errors, " more closely resembling the underestimation of brachial systolic blood pressure and overestimation of brachial diastolic blood pressure by most oscillometric blood pressure monitors) were transferred to the derivation of SBP-C by ≈−5 mm Hg (≈100% error transfer) using the SphygmoCor generalized transfer function. Our study directly measured the input and output errors and quantified the transfer function error and the percentage error transfer not only for SBP-C, but also for PP-C that may serve as a target in intervention strategies. 10 Moreover, the estimated SBP-C is more sensitive to the SBP-O error and PP-C is more sensitive to both SBP-O and DBP-O errors.
limitations of the present study
In common with some previous studies, the apparently good performance of our generalized transfer function technique might partly be due to the fact that it was produced from and applied to the same brachial pressure data. 5, 6 However, it has been shown that all generalized transfer functions produced by various techniques are similar in structure, 5, 19 and inclusion of >20 individual transfer functions in the construction original contributions Calibration Error in Central BP Measurement of a generalized transfer function does not improve "generalizability. " 19 To minimize the error from the pressure waveform acquisition, the present study used the invasive brachial pressure waveforms instead of the radial pressure waveforms acquired from a tonometric device such as the SphygmoCor system. Although the measured calibration input and output errors in the present may not be directly applicable to the SphygmoCor system, 26 they are still valuable in the interpretation of the noninvasively estimated SBP-C and PP-C when a calibration procedure is required. The present study excluded subjects with a pressure difference of >3 mm Hg between arms. Therefore, the small remaining pressure differences (≤3 mm Hg) might have been introduced into the observed input errors and increased the standard deviations of the reported output errors.
In conclusion, a generalized transfer function technique can effectively reduce the differences and variability between peripheral and central aortic systolic and pulse pressures. Noninvasive application of the generalized transfer function techniques produces estimates of SBP-C and PP-C with errors equivalent to those of the oscillometric blood pressure monitor in the estimation of brachial systolic and pulse pressures. The output errors can be predicted from input errors of SBP-O and DBP-O.
